Significant compositional biases in bacterial chromosomes have been explained by replication-and transcription-coupled repair mechanisms, the latter causing GC skew to indicate the direction of replication when gene polarity is correspondingly entrained. Correlations between indicators of replication direction, skew, and transcription polarity are computed for the complete nucleotide sequences of 20 microbial chromosomes and interpreted through statistical tests. A second quantitative method, previously applied to the first complete draft of the Escherichia coli K12 genome, characterizes the sequences by average skew and net skew due to replication. These methods generally agree in finding the coexistence of replication-and translation-coupled effects and in identifying atypical sequences in which one influence is clearly dominant. The replication-dominated class is exemplified by two chlamydial sequences and the transcription-dominated class by three archaea. The preference for leading-strand transcription in two mycoplasmas is stronger than the skew implies. These concordant methods provide an objective framework for comparing sources of strand compositional asymmetry and interpreting skew diagrams.
Introduction
Three mechanisms have been proposed to explain strand compositional asymmetry in microbial chromosomes. The replication-coupled repair hypothesis predicts an excess of G over C in the leading strand. [1] [2] [3] [4] Replication is more prone to error in the lagging strand and repair mechanisms tend to enrich the C proportion there. The transcription-coupled repair hypothesis predicts an excess of purine over pyrimidine in the coding strand. [5] [6] [7] [8] As purine excess tends to increase G − C, persistent biases in gene polarity give rise to prolonged trends in cumulative GC skew. In the third view, 7, 9 strand compositional asymmetry is associated with selective constraints on amino acid and codon usage. Hence composition varies with gene density which is typically greater on the leading strand. GC skew is defined as the quotient (G − C)/(G + C) in a given window on the sequence (plus strand) and equal frequencies of G and C are expected in the absence of strand bias for either mutation Communicated by Katsumi Isono * To whom correspondence should be addressed. Department of Electronics and Computer Engineering, Korea University, 5ka-1 Anam-dong, Sungbuk-ku, Seoul, 136-701, Korea. Tel. +82-2-927-6115, Fax. +82-2-3291-2450, E-mail: hsko@korea.ac.kr or selection. This expectation is sometimes called Parity Rule type 2 or the intra-strand Chargaff's rule.
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Although transcription-coupled repair can operate in untranslated regions, its effects will be manifest in protein-coding sequences, and these can be identified by the presence of long open reading frames (ORFs) in microbial genomes. 12, 13 Each simple gene has a polarity indicated by the sign of the translation frame in which the ORF is read and frame shifts leave the sign unchanged. We assume that bias in transcription polarity is dominated by this essentially observable contribution due to gene polarity. Thus, the second and third mechanisms give rise to transcriptional effects which can account for persistent compositional biases concomitant to replication when gene polarity is entrained in the direction of replication. Polarity entrainment here refers to the prevalent concordance of orientation with respect to replication and transcription which diminishes conflicts between DNA and mRNA polymerase processivity and avoids collisions between replication and transcription complexes. If the mechanisms do not exclude each other, then GC skew can be regarded as a combination of replication-and transcription-coupled components. How can the strengths of these components be measured and compared? We present two quantitative methods and illustrate their operation on a data set of 20 microbial chromosomes. These complementary methods permit refinement of the main conclusions reached by prior investigations and could clarify the strengths and limitations of GC skew analysis aimed at locating origins and termini of replication. 15 In the present application, however, the methods will not distinguish between strand-specific biases driven by mutation (due to transcription-coupled repair) and selection (on amino acid content and codon usage) in respect to which the second and third mechanisms are fundamentally different.
Materials and Methods
The 20 microbial chromosomes, representing 18 species from 16 genera, are listed in Table 1 .
This data set includes four species used by Lobry 3,4 to instantiate replication-coupled effects and 11 species used by Freeman, Plaster, and Smith 8 and by Francino and Ochman 7 to instantiate transcription-coupled effects. It includes all 12 species of bacteria and archaea examined by Mrázek and Karlin, 9 who considered the third mechanism, and 14 species studied by Grigoriev, 14 who argued for refinement of GC skew analysis to infer the possibly multiple origins of replication. Our set includes two chlamydial sequences that were only partially available before. 9, 14 The new additions are Campylobacter jejuni, Staphylococcus aureus, and Vibrio cholerae. Prior investigations had tentatively found significant purine excess in coding sequences of Saccharomyces cerevisiae and proposed that GC skew analysis could locate multiple origins in eukaryotic chromosomes.
8,14 Table 1 includes two smaller chromosomes of S. cerevisiae as indicators of whether the effects in question may extend beyond prokaryotes.
Data reduction
Compositional asymmetry is assessed by computing the percentage GC skew defined as X = 100(G−C)/(G+ C) in a sliding window of 10 kb in length and 1-kb displacement where C (G) is equivalently the number or proportion of cytosine (guanine) nucleotides in the window. Herein this computation is always performed on the plus strand (i.e., the sequence itself) and the corresponding value for the complementary strand is −X by Watson-Crick base pairing. Some investigators refer X to the leading strand when replichore (chirochore) boundaries are known. As the window is displaced from left to right (5 to 3 ) along the sequence, as illustrated in the upper portion of Fig. 1 , the sign of X tends to be positive (negative) when the plus stand is leading (lagging). Replication origins and termini may be located at positions where X switches sign or equivalently where the cumulative sum reverses trend. The latter approach is less sensitive to window size 14 which varies from 1 kb to 100 kb in prior studies.
3,9
The 1-kb displacement divides the sequence into contiguous segments which form the fundamental units of the following analysis. Each segment has a percentage skew, denoted Y , as shown again in Fig. 1 . Because skew is a nonlinear function of composition, X is not expressible as a linear combination of the Y s in the segments spanning the window. The solid traces in Fig. 2 show cumulative skew CY /100 across six selected sequences. CY is computed by integrating (accumulating) the differences Y −µ(Y ) where µ takes the average of all segments in the given sequence. Focusing on long-range trend reversals, ignoring small-scale fluctuations, it is easy to see how the chromosomes of (b) Chlamydia trachomatis, (d) E. coli, and (e) Bacillus subtilis are neatly partitioned into replichores by their skew diagrams. The replication terminus is less sharply defined, due to the flattened peak, in (c) Mycoplasma genitalium, and the indication of an origin at the global minimum around the 700 kb position in (a) Methancoccus jannaschii appears confounded by numerous trend reversals of intermediate range. Similar distortions affect (e) Haemophilus influenzae but do not obscure the global extrema.
The fundamental question is to what extent the skew in a given segment is influenced by transcription as opposed to replication. If gene orientation is consistently biased in favor of the leading strand, and if transcriptional influence on GC skew is strong, then long-range trends in skew might be explained without invoking the hypothesis of replication-coupled repair. 7 Gene polarity is positive (or negative) when the coding sequence is on the plus (or minus) strand. 16 Each protein-coding gene is typically associated with one ORF, and frame shifts do not reverse polarity. Such genes are readily detected in simple organisms by the presence of long ORFs which in turn are contained in equal length or longer runs of non-stop codons. (The stop codons are TGA, TAA, and TAG for all species in Table 1 except the mycoplasmas in which TGA encodes tryptophan.) The assignment of polarity to segments proceeds as illustrated in Fig. 1 (lower portion) via the computation of the signed maximum run length, defined as Z = T |Z|, where |Z| is the length in codons of the longest non-stop run in the six-frame translation, and T = sgn(Z) is the sign of its translation frame. Set T = Z = 0 in any segment where the longest run length is less than a fixed threshold below which the likelihood that it contains an ORF is problematic. The default value of this threshold is placed at 100 codons since this marks the boundary between "long" and "short" ORFs.
17
This reduction permits the ab inito analysis of nucleotide sequences without reference to their (less stable) annotated genomes. The gene finding process tends to overlook short ORFs and filter out long ORFs with low coding potential and/or translations lacking similarity to proteins 17, 18 but such filtering may not refine the estima- tion of transcription polarity. A run of non-stop codons will usually be longer than an ORF that it contains (unlike the fortuitous example in Fig. 1 where the first codon translates to methionine) but typically the difference is small compared to ORF length. A survey 17 of the annotations of 34 completely sequenced microbial genomes (including all sequences in Table 1 except S. aureus and S. cerevisiae) shows that genes whose starts were not the leftmost start codon ranged from 0% to 25% of all genes with a median of only 4%. The same survey lists total length and gene count for each sequence. Dividing length by gene count gives average gene length (or reciprocal gene density) ranging from 0.620 kb to 1.333 kb. Eliminating these extremes, which are not included in our data set, all quotients lie between 0.900 kb and 1.20 kb with a mean of 1.074 kb. Thus the 1-kb displacement roughly matches the reciprocal gene density. The largest |Z| is 999/3 = 333 codons because of segment size; and this is slightly greater than the average gene size, 314 codons, in E. coli. 19 As the probability that a non-stop run contains a protein-coding gene is assumed to increase with length in the absence of other information, 10 |Z| can be regarded as a crude measure of transcription potential. The cumulative sum, denoted CZ, is formed from the series of Z-values in the same way that the skew Y was integrated across successive segments, and graphed again in Fig. 2 (broken traces). In (a) M. jannaschii, (c) M. genitalium, and (e) B. subtilis, CY and CZ closely track each other; but this similarity is weak in (d) E. coli, very weak in (f) H. influenzae, and absent in (b) C. trachomatis, where CZ undergoes at least 10 major trend reversals. These graphical comparisons suggest that polarity is significantly entrained by replication in (c), (d), and (e). In the absence of replicational influence, the transcription-coupled repair hypothesis would predict that the same global pattern emerges in CY and CZ, as observed in (a), (c), and (e), but not in (b), (d), and (f).
Every segment has a replication direction R, defined as +1 if the plus strand is leading (or −1 if lagging), and a polarity T which (if not zero) is +1 (or −1) if the sequence (or its inverted complement) is transcribed. Let S denote the sign of the skew. The final steps of On the left, the segment is input to NCBI ORF Finder (www.ncbi.nlm.nih.gov/gorf/) with redraw threshold set first (above) to 100 bp and subsequently (below) to 300 bp. The five ORFs initially identified in the six-frame translation are filtered down to one, on the −3 frame, by raising the threshold. On the right, six numbers z(f ) are computed, with magnitudes |z(f )| given by the longest run of non-stop codons in translation frame f , and signs given by sgn(f). The segment is reduced to a single number Z by choosing the frame f * that has the longest run. In this example, the longest run length (127 codons) equals the longest ORF length (3 × 127 = 381 bp). The assignment of transcription polarity T = −1 to this window is the same either way and also by an alternative reduction that sums up the six numbers z(f ).
the data reduction assign a triple (R, S, T ) of indicator variables to every segment in the sequence. Simply taking the signs of the corresponding measurements (X, Y , Z) is adequate except that estimating R as sgn(X) will indicate more than one origin in some sequences for window sizes of 50 kb and even 100 kb. Although 100 kb is large enough to smooth out all but a few spurious reversals in the bacterial sequences (except Synechocystis), the archaeal and yeast sequences resist such smoothing. Accordingly, we use the CY plots to estimate the single origin (ori) and terminus (ter) of replication to the nearest kilobase by locating the global minimum and maximum, respectively. Table 2 lists the results of this estimation procedure, which is straightforward except in A. fulgidus, Synechocystis, and the yeast chromosomes (for which there is independent evidence of multiple origins 9 ). These four sequences will henceforth be collectively called the refractory cases. The given partition of the A. fulgidus sequence is based on CX with 50-kb windows, taking ter at the global maximum and ori at the secondary (not the first or global) minimum, to obtain replichores of roughly equal length. The same approach is applied to the yeast chromosomes. Prior investigations noted that Synechocystis is a refractory case and doubted whether skew analysis could help to localize its origin(s).
14 The estimated single replication terminus in Synechocystis is speculatively inferred from observing that, as window size increases from 50 kb to 100 kb (and larger), the CX plot shows minima close to the sequence start and end, on which basis the replication terminus is placed centrally.
Method I
The positive correlation between R and S is regarded as a replicational influence while that between S and T is a transcriptional influence. When polarity is entrained by replication, a positive correlation between R and T is observed. It is clear that these three correla- genitalium, CZ appears to localize the replication terminus more sharply than CY , which is computed as the cumulative sum of the skew values in non-overlapping 1-kb segments. (d) In E. coli, polarity entrainment is generally evident, but CZ is a rough approximation of CY . Panels (e) and (f) are for B. subtilis and H. influenzae, respectively. (CZ is computed after decrementing Z in each segment by its mean for all the segments in the sequence. Therefore CZ always returns to zero.)
tions are dependent and that one can be augmented by the combined strength of the other two. Let (A, B, C) be any permutation of (R, S, T ) and let r(AB) denote the simple correlation coefficient that measures the as-
where σ is the standard deviation. When an association between A and B exists, both factors may be affected by a third factor, C. In this situation 20 one would like to test the hypothesis that A and B are conditionally independent given C. Thus, we have three statistical hypotheses:
(a) No net replicational influence: R and S are conditionally independent given T . Under this hypothesis, r(RS) 0 is due to the combination of transcriptional influence and polarity entrainment. (S aligns with T , which is entrained by R. Hence R and S tend to align without a causal basis.) (b) No net transcriptional influence: S and T are conditionally independent given R. Under this hypothesis, r(ST ) 0 is due to the combination of replicational influence and polarity entrainment. (S aligns with R, which entrains T . Hence T and S tend to align without a causal basis.) (c) No net entrainment of polarity: R and T are conditionally independent given S. Under this hypothesis, the polarity entrainment evidenced by r(RT ) 0 is fully reflected (but not exaggerated) by trends in cumulative skew. This hypothesis is different from the first two in that it does not deny that any mechanism is influential.
Uniformly most powerful tests of these hypotheses can be performed on 3-way contingency tables and corresponding chi-squared tests are readily derived. 21 Here we exploit a signal processing analogy that provides a simple procedure based directly on the correlation coefficients.
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The null hypothesis implies that r(AB) is approximately normally distributed with mean r*(AB) = r(BC)r(AC) and variance (1/n)[1 − (r*)2] where n is the total number of segments in the sequence. We reject the hypothesis when the observed r(AB) is significantly different from the predicted r*(AB). The difference r(AB) − r*(AB) is called the excess correlation between A and B. An equivalent treatment of the problem could be posed in terms of the alignment rate p(AB) defined as the fraction of segments having A = B. When the mean values of all three indicator variables are zero, the correlation coefficient is related to the corresponding alignment rate as r = 2p − 1. Thus 50% alignment (attributable to chance) corresponds to zero correlation and 55% alignment gives r = 0.100.
Method II
Blattner et al. 19 introduced this method in analyzing the E. coli genome. Let the genes be sorted into four groups according to transcription polarity T and replication direction R. The group sizes are denoted n(T, R) where, for example, n(+1, −1) is the number of genes with positive polarity on the lagging strand. The "forward genes" are those for which the coding strand is leading and the "backward genes" are those for which the coding strand is lagging. Thus, there are N (+) = n(+1, +1) + n(−1, −1) forward and N (−) = n(+1, −1) + n(−1, +1) backward genes. Pooling all the coding sequences of forward genes, the resulting total numbers of G and C nucleotides are used to compute the forward skew s(+); and the same procedure for the backward genes gives backward skew s(−).
The hypothesis (a) of no net replicational influence implies that both forward and backward skew should be close to their average, s
(avg) = [s(+) + s(−)]/2. Half the difference s(rep) = [s(+) − s(−)]/2 is the net skew attributed to replication. Support for the hypothesis declines as s(rep) increases, and it is reasonable to say that replicational influence is strong to the extent that s(rep) exceeds s(avg). The reverse relation s(rep)
s(avg) is implied by the hypothesis (b) of no net transcriptional influence. Unlike Method I, for which P-values can be computed from the normal probability curve, this method does not produce a measure of statistical significance. As an empirical reference point, Blattner et al. found s(rep) = 2.37% and s(avg) = 3.64% with 2357 forward and 1929 backward genes. Though total forward/backward gene counts are commonly cited in related studies of specific genomes, this method has generally been neglected in comparing sources of compositional bias. 10 We adapt the method by substituting segments for genes and will revisit the plausibility of the data reduction in light of the results. Note that segments with T = 0 are ignored in counting n(T, R).
Results and Discussion
Essential results from the application of Methods I and II are shown in Table 2 and presented graphically together in the four panels of Fig. 3. 
Results of Method I
Observed correlation coefficients are positive in every case. If the indicators (R, S, T ) were mutually independent, we would find r ≈ 0; and a 99% upper confidence bound for r would range from +.034 for the longest sequence (E. coli) to +.098 for the shortest sequence (M. genitalium). Thus, any correlation above +.100 is significant at the 1% level; and this includes all of the computed values of r(ST ) except for (#12) M. tuberculosis. A significant positive correlation between S and T would seem to be prerequisite since otherwise the data reduction could be faulted for obscuring transcription-coupled effects. Hence M. tuberculosis merits a closer examination in the sensitivity analysis below. Pairwise products of the tabulated correlation coefficients give the predicted correlations r* that provide a basis for hypothesis tests. The tests reject when the excess correlation e = r − r* deviates significantly from zero. Test results are represented graphically in Fig. 3, panels (a) through (c), where r is plotted against r*. This graphical treatment uses nominal thresholds of r* ± 0.100 instead of the "exact" P-values to decide the significance of the influence in question. Figure 3 (a) concerns the hypothesis of no net replicational influence. Except for (#1, #10, and #11) the three archaea, (#13 and #14) the mycoplasmas, and the refractory cases, all points lie above the upper 1% significance threshold and the hypothesis is rejected. That replicational influence is weak or absent in A. fulgidus, M. thermoautotrophicum, and M. jannaschii, may have been implied by the earlier assessment that strand compositional asymmetry is absent in these archaea. 9 In the absence of replicational influence, the finding that the circular chromosome of M. jannaschii is divided into nearly equal parts by its skew diagram suggests that the extrema mark the origin and terminus of replication 14 only to the extent that polarity is entrained by replication; i.e., the global minimum of CY around the 700 kb position in Fig. 2(a) is attributed to the preference of coding sequences for the leading strand. Farthest from the centerline (r = r*) in 3(a) are the chlamydias for which the first hypothesis is thus most strongly rejected and replicational influence is dominant. Figure 3 (b) concerns the hypothesis of no net transcriptional influence. Except for (#5 and #6) the chlamydial sequences, (#12) M. tuberculosis, and (#14) M. pneumoniae, all points lie above the upper threshold line and the hypothesis is rejected. The overt dissimilarity of CY and CZ in Fig. 2(b) for C. trachomatis is explained by this statistical result and by the apparent absence of polarity entrainment. Farthest from the centerline in 3(b) is M. jannaschii for which the second hypothesis is most strongly rejected and transcriptional influence is dominant. Figure 3 (c) concerns tests of the third hypothesis of no net entrainment of polarity. Except for the mycoplasma sequences (#13 and #14), all points lie below the upper threshold line where entrainment of polarity by replication is at least accounted for by GC skew. The tendency of genes to prefer the leading strand is particularly strong in M. genitalium where those to the right of the origin are preferentially transcribed from the plus strand and those to the left are preferentially transcribed from the minus strand. 16 Although Lobry 4 was able to localize the origin by skew analysis, the reported lack of significant strand compositional asymmetry at codon position 3 or in inter- genic regions 9 can be taken together with present results to argue that gene orientation bias is the major source of the effect in these mycoplasmas. Several points, including (#7) E. coli and (#8) H. influenzae, lie very close to the lower threshold line in 3(c). Significant negative excess correlation between R and T implies that polarity entrainment is overstated by the skew in segments.
Results of Method II
The four right-most columns of Table 2 summarize results for Method II. The number N (+) of forward segments is listed with the Polarity Entrainment Ratio (PER) defined here as the quotient N (+)/N (−). Forward segments are more numerous than backward segments in every case. The median PER is 1.25 and smaller values are found in the chlamydias, M. jannaschii, M. tuberculosis, and in the refractory cases. The largest PERs are found in the mycoplasmas (> 4), S. aureus (> 3), and B. subtilis (> 2). The P ER = 1.17 for E. coli is slightly less than the ratio 1.22 of forward-to-backward gene counts. 19 With 75% of B. subtilis ORFs found on the leading strand, 14 the ratio .75/.25 = 3.0 is higher than P ER = 2.59. For H. influenzae, the same ratio (.52/.48 = 1.08) is slightly lower than P ER = 1.13. The listed P ERs are also less than forward/backward gene ratios in Borrelia burgdorferi 23 (1.88 versus 2.0) and C. trachomatis 24 (1.206 versus 1.273). The skew s(+) obtained by pooling all the forward segments is positive in every case as are the average skew s(avg) and the net skew attributed to replication s(rep). Average skew varies by two orders of magnitude across the data set, ranging from 0.22% (C. pneumoniae) to 23% (M. jannaschii). The median s(avg) is 3.0% and the computed value 3.42% for E. coli is slightly less than the gene-based result. The overt dissimilarity of CY and CZ in Fig. 2(b) for C. trachomatis is further explained by this result as the average composition of the segments is about the same whether the transcribed strand is leading or lagging. Figure 3(d) , a scatter plot of s(rep) versus s(avg), shows that most points cluster near the centerline where these variables are equal. The most extreme outliers are the same sequences that were highlighted by Method I. These include again the chlamydias, for which the replicational component far exceeds the average, and M. jannaschii, where the reverse is true. The centerline in Fig. 3(d) is flanked by parallel dashed lines, offset above and below by 2.37%, this being the net skew attributed to replication in the gene-based application of Method II to E. coli. 19 The present procedure yields the larger value s(rep) = 2.90%. The gene-based result is plotted in Fig. 3(d) as "B" and its separation from the present point "7" is small compared to the overall spread of the data. Computed values of s(rep) exceed 2.37% in all except the archaea, the mycoplasmas, and the refractory cases, with reference to the last column of Table 3 .
Comparison of methods
Sequences that show smaller values of the excess correlation between R and S in Fig. 3(a) tend to produce larger values of the excess correlation between S and T in 3(b) and vice versa.
This competitive relationship between replicational and transcriptional influences on skew is confirmed by Method II as Fig. 3(d) maps the replication-dominated class, best exemplified by the chlamydias, into the upper triangle where s(rep) exceeds the average skew by more than 2.37%, and maps the transcription-dominated class, best exemplified by the archaea, into the lower triangle where average skew exceeds the replicational component. The replication-dominated class also includes (#3) B. burgdorferi, where the excess correlation between R and S is second only to the chlamydias, and where the same distinction is obtained by Method II in finding s (rep) s(avg). The transcription-dominated class includes (#4) C. jejuni which is the closest runner-up to M. jannaschii in regard to both the excess correlation between S and T and the deficit of s(rep) relative to s(avg). Plotting these results of Method II as in Fig. 3(d) thus has the effect of condensing test (a) and (b) results of Method I into a single picture.
This apparent condensation suggests a proportionality between the differences ∆s = s(rep) − s(avg), by which Method II classifies the observations, and the differences ∆e = e(RS) − e(ST ) between the excess correlations of Method I. A scatter plot (not shown) confirms an increasing relation and the simple linear regression (through the origin) of ∆s on ∆e gives a slope of 6.77% skew with a standard error of 3.8% skew. The fit shows three outliers (A. fulgidus, B. burgdorferi, and M. jannaschii) that may exert much leverage. Deleting them, the regression slope is recomputed as 11.26% skew with standard error less than 1% and the R-squared (correlation) measure of the linear association rises from .707 to .949. The rank correlation coefficient increases from .928 to .988 after deletions.
An approximate balance of replicational and transcriptional influences is therefore indicated when ∆s and ∆e are close to zero. This balance is exemplified by the E. coli sequence. Method I shows that both excess correlations are significant and Method II finds a difference of only about 1% skew between s(rep) and s(avg). Polarity entrainment is evident in Fig. 2(d) , especially near the replication terminus, as previously observed. 9 The same balance is evident in (#2) B. subtilis and (#17) S. aureus which show larger P ER values. Prior investigations found that compositional asymmetry is manifest 9 in B. subtilis and that the local depression to the right of the peak in cumulative skew coincides with a large group of genes encoded on the lagging strand.
14 In Fig. 2 (e), CY and CZ exhibit the same notch, caused by a rise between about positions 2220 kb and 2270 kb where skew is positive and transcription is mainly from the plus strand.
Sensitivity analysis
The data reduction involved two parameters, segment length and the shortest run of non-stop codons for assigning transcription polarity to segments, whose default values were 1 kb and 100 codons, respectively. These values can be doubled, individually or in combination, without radically changing the baseline results described above. Statistically significant changes are observed in the results of Method I when points in Fig. 3(a-c) cross the thresholds drawn .100 above and below the centerline. Heuristically significant changes are observed in the results of Method II when points in Fig. 3(d) cross the thresholds drawn 2.37% above and below the centerline. Together, the methods subject each sequence to a four-way classification based on these significance thresholds. The baseline results would be contradicted by the motion of a point across the central strip bounded by the threshold lines. In Fig. 3(d) such motion would carry a sequence from the replication-dominated class to the transcription-dominated class or vice versa. Such contradictory changes are not observed.
Doubling the minimum non-stop run length for assigning polarity to segments, from 100 codons to 200 codons, causes no change in the four-way classifications. The effect of doubling segment length (displacement) on CZ, after re-scaling vertically, is hardly visible, as the plots seldom differ by more than 10% of the dynamic range (full vertical scale). A similarity measure is obtained by serially duplicating the Z-values of 2-kb segments and computing a correlation coefficient between this and the baseline Z-series. These correlation coefficients mainly range from .7 to .8, the extremes being attained by (.547) M. tuberculosis and (.863) M. genitalium. Simultaneously doubling both parameters produces significant changes in several cases where the baseline results are close to the thresholds. The greatest changes in the correlations are observed in (#12) M. tuberculosis where the insignificant baseline result r(ST ) < .100 is increased to .125 but the plotted point in Fig. 3(b) remains above the central strip because r*(ST ) grows proportionately.
The data reduction encountered four refractory cases where estimates of R could be contradicted by the existence of multiple origins. This possibility is treated by taking R to be the sign of X (percentage skew in windows). Reapplying Method I with a window size of 10 kb, the correlation between R and S increases generally and the excess correlation becomes significant in all four cases. The yeast chromosomes also exhibit marginally significant excess correlation between R and T . Reapplying Method II with a window size of 10 kb does not change the classifications in Fig. 3(d) as A. fulgidus stays in the transcription-dominated class and the others (including Synechocystis) remain in the central strip.
Refinement and extension
The foregoing analysis has identified atypical sequences in which one influence is dominant as evidenced by plotted points that lie far from the centerlines in Fig. 3 . Methods I and II tend to agree in these assessments which moreover have some value in explaining the degrees of similarity in the global patterns of Fig. 2 . Yet the most obvious features of these results are the general coexistence of replication-and translation-coupled effects, the diversity of their relative strengths in a small sample of microbial genomes, and the general tendency toward closer proximity between pairs of points reflecting intra-generic and (especially) intra-genomic comparisons. Where previous investigations typically found that one influence is dominant in certain species, or concluded that one influence is more likely to explain strand compositional asymmetry in general, the present methods show that neither replication-nor transcription-coupled effects are easily excluded in any genome. The pattern formed by cumulative skew across a chromosome therefore reflects a mixture of effects as long-range compositional biases concomitant to replication are combined with local contributions due to fluctuations in transcription polarity. This combination only reinforces long-range trends in cumulative skew when polarity is strongly entrained by replication (e.g., in B. subtilis); but it can distort the trends when polarity entrainment is weak and is often counter-trended relative to replication. In H. influenzae, for example, prior investigations found that compositional asymmetry is marginal, that gene orientation lacks a consistent trend, and that the skew diagram reflects distortions due to many horizontally transferred genes.
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Figure 2(f) shows large excursions in CZ that are only roughly copied by the perturbations in CY .
Viewed in this light, GC skew analysis could be refined by computational techniques for separating replicationand transcription-coupled components. If the latter were "filtered" from the mixture then the former might be clarified to sharpen the estimation of replichore boundaries. Such filtering is hardly necessary in the chlamydias, where average skew is small, but its feasibility in cases of high average skew (especially M. jannaschii) is not obvious. Referring again to Fig. 2(f) , the local fluctuations in CZ may not be everywhere related by the same proportionality to the perturbation of CY . Transcription-coupled repair enhances skew in proportion to transcription frequency and the highly expressed genes are more strongly entrained by replication.
7 Fluctuations in CZ that are attenuated (or amplified) in CY could point to regions of lower (or higher) expression.
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When ori and ter are given, or clearly indicated by skew diagrams, the objective might be reversed, and the mean replicational component for the given strand could be subtracted from the local skew to give a transcriptional component which varies from its average according to polarity and expression level. This approach could clearly benefit from a gene-based treatment of the problem and from a better understanding of how codon usage and amino acid distribution interact with strand bias. 23, 24 Method II, in its original disclosure, gave estimates of strand bias specific to the three codon positions. Method I is also suitable for gene-based application with-out substantial modification. Major deviations from the results portrayed in Fig. 3 would have to be explained by differences between untranslated regions and coding sequences and thus distinguish between the second and third mechanisms which herein were lumped together by the assignment of transcription polarity to fixed length segments. That reduction of the data proved to be expedient in the semi-quantitative comparison of trends in cumulative skew and polarity and a corresponding graphical treatment of the annotated genome would require a more complicated algorithm.
